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and an exte,:sio. of Allen's 'shock toleranceP concept. Among other advantages,
the method *automatesP the assessment of ride quality, so that personal
judgments are not involved, and the relative ride quality of different
vehicles can be placed on a quantitative basis.
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ON QUANTrIZ.ING HIUE COMFORTl' AN ALLOI'ABI.E ACCEI.ERAT IONS

Peter It. PaLyne
Payne, inc.

Annapolis, Maryland

Abstract ISO-2361 (For Pro-

When the motion of a vehicle includes "shocks" or quencies Grcater

impulsive velocity changes, R•M.S. acceleration has l• ]

no relation to crew comfort or injury. Existing Nearest Corresponding
(R.M.S. "g") methods of ride assessment can show Limit Description YM "Exposure Limit"
lethal accelerations as being perfectly safe. They
are also said to be invalid when the acceleration (A) Severe, less
"crest factor" (poak/R.M.S.) exceeds 3, which is than 1 hour 0.5 1 hour
often the case for high-speed marine vehicles.
This paper presents methods of evading these dif- (B) Tolerable; less
ficultlos, using fairly well establishod biodynamic than I hour 0.2 4 hnurs
modelling techniques, and an extension of Allen's
"shock tolerance" concept. Among other advantages, (C) Long-term,
the method "automates" the assessment of ride qual- Severe 0.2 4 hours
ity, so that personal judgments are not involved,
and the relative ride quality of different vehicles (D) Long-term,
can be placed on a quantitative basis. Tolerable 0.1 16 hours

Summary For reference purposes, VRQI * 2.3 would roughly
correspond to a one-minute endurance limit to uinu-

A key requirement for a meaningful evaluation of soidal vibration, as determined in the laboratory
any new marine vehicle is the need for a clear, (Appendix I).
unambiguous definition of ride quality. By this
we mean a meaningful measure of the "roughness" of Impact Ride Quality (IRQI) must be loss than unity
the ride; not a measure of each crew member's per- to meet the proposed limits, and a time-domain cal.
formance capability under specified ride conditions. culation must be carried out to obtain a plot of
No such definition seems to exist in the literature, peak force exceedance ii a dynamic model against
The best known s fo of "allowables" for random vi- frequency of occurrence, This "exceedance plot"
bration, XSO-2360111 specifically excludes acceler- must fall below aw "allowable limit" exceedance
stions which have a "crest factor" (CF w Peak/RMS) plot. The IRQI is a measure of severity, relative
in excess of 3.0, whoroas naval vehicles may ex- to this limit.
parlance crest factors in excess of 10. Moreover,
ISO is concerned with "safe" accolorations for the While it is normal to be conservative in speci-
population in general, rather than a presumably fit fying "allowable.l" for crews, conservatism can be
and well-motivated Navy crew, Finally, all author- extremely expensive. For example, Teducing allow-Ities seem to agree that 150-2361 cannot be used able acceleration by 30% might double the basic
at all when the input acceleration contains a series cost of a ve icle, because of the increase in size
of "impacts" or "impulsive velocity change" spikes. required. (27 With this in mind, the limits do-

While such a "spike" may be injurious, or indeed fined herein are deliberately severe by generally
lethal, it need not have much effect on the RM1S accepted standards. It is hoped that work will be
acceleration. And ii 's the RMS acceleration which funded to compare them with data from existing
is considered in the JSO-2361 type of assessment, naval vehicles, with a view to modifying the limits

if necessary. But it is anticipated that the basicThis paper describes a method of assessing the dynamic models will not be changed by any such mod-
ride quality of naval vehicles which is intended ification; only the limit RQI values.
to avoid these limitations, and establishes two
limits; one for random vibration having various Introduction
degrees of severity, and one for impacts or "impul- A
sive velocity changes." Despite the amount of laboratory research under-

taken in the last three decades, the definition of
Two separate indices are proposed In this paper human tolerance to vibration is still very tents-

to designate a vehicle's habitability for a given tive. This is for three main reasons:
acceleration-time history. These indices are:

Mankind is very variable, and even an indi-
. Vibration RideqaliL_ty•dex (VRQI) vidual is not alwayb consistent.

. Impact Ride Quality Indoxe t(IQI) The interaction between man's comfort or
ta-L) perfot~nanco and his acceleration en-

The proposed limits for V 01 are as follows: vironment is extremely conploA.

Relatively little effort has been devoted
to the onglitecrIn.o prehle, nf e~tnhlI;nIn,
i.A~lunal tuLarnnce limits fon vehicles.



The standard by whicth all other limits are comn-
pared is, of course, IS0 2631(l). A careful rca-
ding of this standard, and tile. various commentaries
upon it which have appeared, shows that there is

still a long way to go before a reliable and con- T_sistent set of limits can be established for navalJ
elitilie-. It is the purpose of, this- present docu- am i s&A-9-LL 54~fl55~t

ment to present limits which are at least consis-
tets that they can be applied uniformly and

unambiguously, even though the limits may not be
entirely "correct" in an absolute sense,.e ~utIY*

review the l~steryof an analogousawL I Hey~ f .,B 7-tisom e
To better understand the problem, it may be help- LUMPIS MAWNT#RN'

btmore mature problem; that of human tolerance toa
shr periud (pletp)acceleration. For accel- O

reato in the spinal direction, definition of ac- a8
V ~~curate tolerance limits is of critical importance T"B.sp&iMMO cf

in the design of aircraft ejection seats. Thus a - -.-. .* ... f
great deal of research has been performed. It is 40-
also a simpler problem then that of defining vibra- 3 C
tion tolerance, because the limit or "end point" to-
vertebral fracture - is known and fairly well un- -o
derstood.

Prior to about 1960, the defirition of human -MCAT NONIFATAL?

tolerance to short period, linear acceleration was A 0
poorly organized. The various "tolerance Curves" J ,1 ht 4- I - Sin use did not agree with each other and soaetimesI
led to incoirect requirements being placed on the* j4
qief aceeratoneously /dthat "Jerk" (the "rate of onset' DYNAMICOKUdtIDEX (0110tea

of acelraton, ~x/t3)was physiologically im-
potn.an hsmisconception caused a great deal Figure 1. ?41L-S-947SACUSAP)(2)anASC tndr

efnels rul n xpense.' seated man modal for short period upward accel-
erto.The spinal injury correlation is from

Yettheprolemofdefining an acceptable tolur- Reference 34.
anc cuve as uit asimple one to solve, when

looked at from the viewpoint of a dynamicist, ra- death rate from impacting an airplane structure
ther than that of an t.iD,(2S,20) Von ciorke, floss, during aircraft escape.
Lathamn, Coerman, Kornhauser, and other worknrs ap-
preciated that quite simple dynamic models of the Oeo h oe' rnia datgsi fe

humn. odycoud b adqute ur nteim ngieerng overlooked. There is no room for "Judgment", or
purposes, once the correct Spring rates and damping argument: the "rules" cannot be changed to produce
coefficients could be discovered. Payne first amr aoal R.Ayegne sn h oe

analyzed the situation and proposed spncific cr1- amr aoal R.Ayegne sn h oe
aria tetatvelyin 961(2) nd oredefiitiely as an evaluator will come to precisely the same con-
tori; tntaivey in1963) nd ore efiitiely clusion as any other engineer, All comparisons are(u~n ll daa tenalabe for upwar aceeraion, objective, In happy contrast to the extended (andsea 2-3 04t Thiguroel fo) ispnwar th eMLeSpec necessarily unresolvable) debates which took place

Stna for the design of escape systems, and bfr h oe' nrdcin
an ir tanardzatonCoordinating Committee (ASCC)

inThe sane typo of approach is recommended in the
Sthe ar gs waircrWftlemployed principally in I0-2631**, when it is desired to "characterize theth eino icatescape systems, it is also virto eniomnwih esctoisefcs
usdi ied o removed, such as the design of virtoenrnm twthesctoiafcs

U1  sowmbil sets nd uspnsins.on man by a single quantity . . ."1 But the recom-
snowobie satsand uspnsins.mended weighting network is not well adapted to

the types of vibration and shuck- which are experi..
Use of the model is very simple. Any accelera- enced in naval vehicles. Briefly, the difficulties

tion-time history, no miatter how complex, can bc r sflos
imposed upon it, -,he output is a single nutaber, r.sflos

the"Dil",whih i prporionl t th pek lad(a) As indicated in Figure 2, high-speed ship
in the model's "spine"' during that acceleration,.ceeaintm itre a evr

vertebral fractures which will be experienced with than the 80 liI upper limit of 130-2631.(I lnt particular DiiI, and decide whether to modify"Cetfcos pk/MSartyily
the acceleratiun Input. It Is possible to intelli- "Cghresthfactors" (pek/RS vanes typically
gently trade-off tOn prillercil 4nnidnnlrp or vert-t whigher than63 the max simumvlue of 3.fl fl'o
hi's! lajurj ag"iiiat, for example, the predic~tutl wi S23 ccniL sr c

afexperimenersl1~~detg h it -were really seinhg Ir~sie--t1hifTf~cfWs.

**Reference 1, page 5, second coluimn, -second paragraph.

t- Reference 1, page 3; end of Section 53.3
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not too high, and that impulsive accelerations do
not occur. This obviously implies some form of re-
gularity in the missing phase angle spectrum.

Figure 2. Acceleration-time histories for typicFl Most high-speed ships e paroenc e occasional -
high speed naval vehicles, sometimes frequent - "slamming" or "poundcng" events

which are quite unlike the "normal" vibration con-

sidered in 1S0-2361. One way to examine this pro.
example, some typical SHS model tests give blem is to consider the case of any acceleration.
CF - 8 - 10. Some open water planing boat time history which is composod s of such impul-
measurements give CF a 6. sive accelerations. Such accelerations could be

experienced by, for example, a subcritical planing
(b) Many vehicles experience slamming, in which hull pounding from wave flank to wave flank. and

the acceleration-time history approaches an otherwise being out of the water. This is a feasi-
impulsive velocity change which cannot be ble mode of operationo narticularly in off-shore
analyzed spoctrally. (7) And to average a racing.
severe slam over a period of time is obvi-
ously meaningless.

(c) An amplitude spectrum without phase infor-
mation is mathematically meaningless. ,

a
A considerable number of investigators are con-

siduring these problems at the present time. See, , ............-
for axrnmple, Reference% 8 - 10. The general concen-
sus seems to be that a lumped parameter dynamic mo-
del (of the type shown in Figure 1) is a realistic
way of evaluating vibration environments with high

"crest factors" and impulsive velocity change
"shocks." Figure 3 ij lg example of one such up- I i
proach, due to Allan.(

16
J ., .

In the next section, we oxamine these problems in , P NH

more detail, as they reflect on the engineering Figure 4. Idealized acceleration-time history for
assessment of a marine vehicle'a "ride." 40 knots in 10-foot wave lengths. 2Av - 4.76

ft/sec. (The spike base time 6 will depend upon
The Problem of Impulsive Accelerations the details of the Impact and the frequency re.

sponse of the instrumentation and its structural
The ISO-2361 tolerance curves are based primarily attachment.)

on experimental investigations with sinusoidal vi-
bration. Their application to nosinusoidal vibra-
tion is rother tentative, and in some ways, quite An idealized acceleration e history for such

arbitrary,. To the i•'udit of the original drafters, motion is given in Figure 4. The actual values

however, the limits seem to "make sense" as they of VýýAX and 6 which would be recorded in such a

are more and more compared with data from opera- situation would depend upon:

tional situations, provided the crest factor Is

3



The frequency responee of the accolerometer. This is a very unsatisfactory result, because the
RMS depends upon the width (6) of the ncceleration

The "hardness" of the structure to which it spike. We know that 2Av = 1 ft/sec Is perfectly
was attached, safe. But our RMS criterion implies that it's not,

if 6 is very small, i~e., ifI
The details of the various structural reso- i ei
nances. 6 - .01 .001 .0U01 seaonds

"" The hydrodynamics of the impact. " 1.77g 6.36g 2A Nlg

Only the last of these is "real", in the sense This is obviously .iur - se, bea"uso u human sub-
that it influences a human occupant's perception of ject could not perceiv' :.iy differencte among the
the acceleration. This is because, for very short three pulses. And the error is not uuo to high
duration accolazations, man is -tensitive to vale- values of the "crest factor", incideiatally, whichf
cit. ch ngq)(= 4 YMAX 6) rather than the magnitude for this tim. history is given by(7)
of a)4 Typical trajectory parameters, which A.
arc independent of wave height, are given in Figure AC 4 0 (2)

VS. .;LM F2 41A
SALI

For A1 I 2& log

Oki CF a 1.41 1.26 A7 - 1.23

These are very low values; much less than the
upper bound of CF 0 3.0 specified in ISO-2361. lieL vA therefore have to conclude that the ISO approach is

. • a •not valid for this kind of periodic acceleration.*

S--A second possible approach is to assume that each
impact event occurs by itself, after the effect of

Ilmue) the previous one has damped out. We can then eval-
as Y _- -' I uate it by detormining its spectral content, and

Y L IFO following the I50-2361 methodology.

S -- -/ t" I byThe spectrum of a triangular pulse a(t) is given
S/• /" g,' •€l~s.e by its Fourier transform

F" 1  t"t)dt r..(3)

"/ _____ -This is plotted nondimensionally in Ftiuro 6.
Again we see that the "real" spectrum, as a func-
tion of frequency, depends upon the value of the
pulse -tidth time 6. So when we evaluate it in5i • accordance with TSO-2361, we get totally different

- I results for diff-e ,nt values of 8, as shown in, ,/-•Figure 7.

o s .. 0 & so as If we now turn to the DRI method(2) of evaluation,
WAY LENOTH Ieer we find that (18)

Vlguro S. Idealized trajectory parameters fTa 9 w(2Uvie a /(4)
bbat speed of 40 knots. [Av is the vertical R • - (
(doftwa'rds) velocity of the boat just prior to
Impact, so that the total vortical velocity where
thango is 2Av. ynAX is its maximum trajectory * - • * - sinIn
height between impacts, measured above the
111patt plane.] For the DRI model (Figure 1)

Now, how do we assess the tolerabillty of Figure DRI w 1.207(26v)
4? As a tPrst guess, we might decido that, since .
it is periodic, we can use the ISO-2361 criteria. • 24,1 for 2Av • 20 ft/sec
We 'thereforo determine its RMS value and its crest
factor. It's easy to show( 7 ) that From Figure 1, this corresponds to a vertebral

fracture rate in excess of 50%. So we have a sit-
1 ( I. C4 - uation where an acceleration which will cause grove

-- -1 • - CI ) bodily injury is "tolerable for one minute" underRS 2 the ISO criteria. Clearly an unacceptable situa-

*•-easo7hiivo to conclude that the- "Crest ct' o -Is an arbtrary parameter whichi as no mat-h-enmat-MTA-T-
rhean lng.

4
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to----- To alddcpni to tnis point, let us suppose that
we had a spoutri in which wais uniform 5ind infinitely
wide.* This could represent one of two inputs 'ý C(t)

0.. ------ (1) A Dirac impulse which could kill a man, or

j P (W (g) White noise which would be impercoptahie

Obviously, then, the spectrum by itself is mean-
ingless without phase information.

-. -______ _______ Our analysis has been confined to mathematically
simiple acceleration-time histories which permit
mathematical rigor, and we have seen that the ISO
criteria cannot be applied to them in any meaning-

--- ~ful way. If we now consider an acceleration of the
type shown in the upper half of Figure 2, we find
that the same difficulties arise, but arc more dif-
ficult to spot, because of the greater complexity

* ~of the i~nput. This is the trap into 'which we have
bb 0 IF - o falleni Because a typical ship vibration is too~E~IN ~ WDTHN complex to analyze rigorously, we have "guessed"

PREQINCYit PLSE IDTHat a methodology, by loose analogy with sinusoidal
vibration, without~ attempting to validate it theo-

Figure 6. Partial spectrum of a triangular pulse retically. And validation or rejection by experi.-
(zeros occur at w8 - 4nir, n integer), ment, when the "instrumentation" is as Imprecise as

the subjective reactions of large numbers of people,
Is likely to be time consuming at least; if not
impossible. Note that the originators of the ISO

Standard were well aware of this problem, and am-
ACCSURTIOIIphasized that the Standard is not applicable when

AftKia~~m~caV)the vibration deviates significantly from sinusoi-
dal.

*-time rt's therefore Imperative to use a move meaning.
-Q ful method of ride evaluation. Fortunately, the

I linear dynamic model assessment method is available,
arid is already well proven for just those aspects

ago / which cause so much difficulty with the RPNS approach.
In addition tu solving these ditficulties, dynamic7 models can at least reproduce all the other fea-
tures of the ISO assessment method, and are proba..

100 OE MIUTE!bly superior, in that they account (albeit imper-
ISO 01 MIUTK ~fectly) for phase effects.

4LIMITFO
LO In the following sections, we describe and define

/ the approprinte dynamic models. Tho relevant si-
itusoidal excitation theory may be found in AppendirA
II, and the transient theory in References 3-6 and
13.

The1 Proposed R~d Qult Eor
SO.I sacs.Frequencies Ab~yov On Hrt

MODEL VORA4 6PNL

VUNAT~N *~aCERL~ 5INAL

II i _________I____I__I I

Figure 1. ISO-2361 Pvaluation of a 20 ft/soc
velocity changEa Impulse for two dif- Figure R. The proposed model for froquenciCs
ferent values of the durat'on (uS). above one Hertz.

~e~i~~h~a sugc~t ~~y r. Charles V 1?TtwnnapeonucirnjtT

--- -----
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The proposed model ha% three degrees of froudom
ill pal'alell i.! ilndi!cated in Figure 8. Ymstem (1) '' . . -
is the Mj1L.- S-Q478A nodcl of FLC gure I and imaJy be
loosely referred Lu as a "spinal" model. System I
(2) has a lower frequency, and Is Intended tu ac-
count for the various "viscer.al modes." The last, .

high frequency mode reprosents "body vilbratlons."

It is not idtntifitmd with any purticular physiol1o-gical system or #;,haracteristic, and its parametemrs ,................---/ . ...

are selected solely to agree with existing "vibrn-
tion tolorance" boundaries. A given ISO curve
roughly corresponds to one of the mass accelera- , io u s Lwi
tions(RPS) Yv , Y 3 boing equal to the appropriate
critical value, e.g.

Sncr Y2Ycrit, Y3  1 (rit 10MI__INillAid

The model coefficients are as follows: Figure 9. Model response to sinusoidal vibration -

"severe, but tolersible; less than one. a S2.9 rads/sec % - 0.224 (The "spinal" or hour."
SDR I model) RO M 16aWv l

""02 - 25.1 reds/sc V2 - 0.4 (The "visceral" .. m Mm.W I '#
"model)

W3 - 52.9 rads/sec % - 1.0 (The "body vibra-
tion" model)

(Limit A) "Severe, luaa thnn Y 0.5; _ I
one hour" rrit

(Limit B) "Tolerable, less Yn w 0.2g
than one hour" crit

(Limit C) "Long-term severe" Y w O.2g
P.ncrit 

al
(Limit D) "Long-term tolera- Yn .in g1

ble" merit

Apart from the change at one hour, the IS0-2631
notion of time dependence is not employed in this
model. The concept of performance degradation with
time has not been supported by labor____ experi-
ments (see, for example, Von Cierko(ll,1) and a- i _ U I o
M aslon 12)) and there does not seem to be any iea- e U erlson to suppose that trends postulated for thle Figure 10. The tenntative limits compared with
general population apply to well-motivated Navy ISO-2631 exposure limits of sinusoldal

personnel at sen. vibration.

Cornaris of the Proposed Vibration limits quantizina "Vibration Ride %ialiy

Each th mass _acceleration must be loss than the
oA typical limit generated by this model, thef ssoa

limit for sinusoidal vibration, Is shownien Figure ritical value specified above. For each
S9. It can be seen that the visceral model controls degree of freedom in the model, there will be a
up to about 4,6 Hertz, than the spinal model con- deiration rede atro is up to 11.7 Haortz. hhovu about 30 tl,,rtz, the " i r t o i e r t o.,highest frequency body vibration model ha:. the san

sluipe as the ISO limints. (VRR) (S)

Apar tiete r " governs the ' meverity" of thoe he "vibration ride quality index" (V1ql) is the
parameterhighest valU u (VRR) among the three systems.

limit, all other parameters boing flxcd. The ten- A value VRQI 1.0 would be very se'ere; twice
tative limits are comparen with tho ISO exposure as much as the proposed "Severe, less than one hour"
limits in Figuire 10. limit. A value of 2.3 would correspond to th.' "l.l

minute endurance limit" established by Ziegenruocker
and Mugld(1 7 ). 'liTe proposed limits are:

6
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10 Hertz. From a research point of view, this
agreement is remarkably good, considering how the

(Limit A) "Severe, loss thali repeated shock limit was established, and gives a
one hour" 0.5 considerable increuse of confiderce in the approach.

From a "specification" point of view, we can avoid
(Limit B) "Tolerable, less any difficulty by simply requiring the lowest of

than one hour" 0.2 the two limits to be used, when they conflict.

(Limit C) "Long-term severe" 0.2 More research clearly nceds to be done in this
area.( 2 6 ) flow do we "join" the two 4ifferent cri-

(Limit D) "Long-term, teris in a logical manner? Should we have differ-
tolerable" 0.1 ent allowable DRI levels for less than and more

than one hour? Perhaps time dependency should be
Shock or Impact Criteria even more detailed, Perhaps we can evade the need

for the DRI criterion by imposing additional con-
The number and magnitude of shocks which can be straints on the vibration model output. At a

tolerated in unit time is defined by an extension deeper level, what is the fatigue mechanism?
of Allen',s( 6 ) approach, as shown in Figure 11.
This method utilizes the DRI or "spinal" model Characterizing "Impact Ride2 ulty Index" IRQJI(system 1 in Figure 8) to count the number of times
the DRI exceeds various thresholdse We define the "Impact Ride Quality Index" an

K 1 1MAX 86.961 I ( in feet) -RAX
8.. 6 1 A DRI at a particular

_ maximum value of W t at

SAs the examples of Figure 16 show, this is a very
simple concept* in practice; in fact, simpler to

S"' .use than to define.

The Proposed Low-Froquency Model

Even though a ship may be travelling slowly, and
there are no high-frequency acceleration components,
it is.a matter of common experience that its occu-

Pigure 11. Tentative limits for the Dynamic pants can experience i loss of efficiency, due to
Response Index. two effects:

Each Innximum must be counted, i.e. (a) Ship motion may make ordinary tasks moredifficult. For example, walking, performing
maintenance work, carrying loads. This is

1 1 1 usually referred to as a degradation in
An exceedance plot is then readily produced. To motor performance.

be tolerable, it must everywhere he below the liait (b) Ship motion may rause motion sickness.
in Figure 11. The equation for the limit is popularly known Ls "seasickness", and

medically as "kinetosis."
(DRI)L - 9.5 (0.001 < N 0.00776)L 5.173 These two phenomena arc not necessarily separate
(OT)LIM " -•-5-1- (N < 0.00776) and distinct. Motion sickness may cause clumsinessN,1 2 S1  

and poor coordination; exacting, cidse-up work may
cause motion sickness in an onvironment which would

ihhes'e N w humber of exceodances per 24 hours. For otherwise be acceptable. Analogously, loss of an
N < .001, no limit Is pIvnoscd, Implying that the horizon reference can result in sicknoss.** Both
titlcal DlRI may be exceeded once ovary thousand phenomena are known to he associated with balancing
days of continuous oporatktns, or about once ovary mechanisms in the inner car [Berry( 2 0)].
toh years of elapsed time. This is to uvoid logi-
cal cohflicts arising with innventional statistical It is also a matter of common experience that
analysis of ride data, sailors adapt to their environment and that gener-

ally speaking, efficiency can return to near normal
For impacts which occur I to 10 times a second after a few days at sea unless motions are very so-

(N h 86,400 to 86d,000), this limit can permit a vere. The "rolling gait" of the small boat sailor
'mewh:,t more severeo'c RS value than thie most just ashore i- a well known symptom of man's abli-

Severe vibration limit for one hour or loss. It ty to adapt to walking on a rolling and heaving
implies 0.8 7 g RMS at one Ilertz and 0.45g RMS at deck. In a small boat commencihg a voyage In, say,

*Ah spproachm which was indepcendontly suggestod by both K.R. Maslen(26} and I!.O.U. Band of Payne, Inc.

"Whi•en hutomoliles were not an everyda)' experience from birth, one could often find people who could
drive all day without any concern, but he quite Unatasy as a passenger; and qulto sick if they tried to
Ired while being driven.

+ ' "• '''"+ + - '• •+ ':Z.•"+'.•'•h:Jh.P.3., ,•,J +..... ,7



North Atlantic waters, it's typical for the crew to Warhoirst avid Cerasanfi (2)[whose wur!: was used by
be sick for the first day or so, and fromi thoan on H-adler ~it:, SlirrIinj(21)] pur'port to Rive data on
to be imiperviousn to kinctosis in any reasonable sea motor Ivt'nrme~riCe, but the~ir resUltS ale ilC~otClU-
state. On larger ships, the proble~ii is more complex sive for the following reasons:

because the seas may be light for, say, the first

week, and sickness may not develop until the first 1. They assume that motion sickness is riot in-patch of rough weather causes the ship to move volved. But the ship was 'on a two-weekaround. cruise ("the c~iaioSt trip we've ever had",
according to one crew member) and experienced

People Are also extremely variable. Some never rough weather for only One four..hour perisod.get sick. Others are sick after months at sea, It's possible that the motor performanL, de-when there is a substantive change in ship motion gradation observed during -this four-hour
(e.g., Admiral Lord Nelsorn). Even a given individ- period was in part due to aJ.1d kinotosls,
uai has a varying tolerance, depending on his mo- rtnd that efficioqpy would biavv -improved after

rale, the nature Of his last meal, and his environ- a day or so.
ment of temperature, humidity, odor, horizon refer-I
ence, and whether or not he is fatigued. 2. They assume that only roll Is important, ig-

noring pIt-h oenl beave. Anyono who has triedThere does not appear to be any satisfactory to work "up forward" ýn head or following
quantized data on either motor performance or ma- seas Will recognize the Jinado uacy of this
tion sickness incidence (MI ythe Navy environ- assumption. Laboratory tpstsM spem to
mnent. O'Isanlon and McCauley have produced show that roll itself may not bo I~mportant
kinotosis data for 600 subjects in the O.N.R. at all.
simulator, but this data is for unadapted young men
in a laboratory environment. As a matter of inter- 3. They purport to show that effic~iency ray 1ts-
est, some of the Reference 21 data is replotted in prove with moderato roll. Bvtt their data

I'Figure 12 to give a physical feel for the ampli- 46asnot support this, only the "motivation"
-tudos (half peak to trough) involved, and to em- factor shows this improveament. Did these
phasize the Importance of period. The published moderate roll rates perhaps occur while ro-
work of O'Hnnlon and McCauley tolls us nothing turning to por~t?l
about motor performance degradation.

. 4. As they say themselves, their data xr not
- . statistically s~igni~ficant.* mO%M

~%U8I It seems clear that Warhurst and Covasan-i were
* working with a very limited budget, and were hoping

to get a "first rough cut" ait the problem. Oi,,or
workers have perhaps stretched the results more

4 -than the original authurs would have desired. And
their overall approach was certainly sound: to find

I out how sailor: perform at sea, one should go to

llv~ibollthn haveorpitch, because of the hori-
zo efrnc.Soi' usual to empirically relate
discomfort to it, as did Warliurst and Cerasani.1, Yet the limited amount of laboratory data available
Indicates that angular roll has little or no effect
oea kinetos] 5, and may not be important to motor
performance. Figure 13. which illustrates angular
ef s on kitietnais, Is taken from McCaiiley, et

a- alý54 and seoems to show that angular effects are

oainaboard ships Is generally vary low.
S * 7It would therefore seem that local heave is the

PERIOD IN SEONDS motimportant parameter, so that if

Figure 12. Curves* of ronstant motion sickness in-
cidence (M91) for unj ted suhjLccts within two z - height of the ship's CG above tin inertial
hours a fter intlia~lexpoi;7u to 6 iot-nn. (Aitipted reference 1,101e
from Reference 21). -r-ship pitch angle

MS1 ~~~~~~~~~~~Motion Sicknes Yu ro uast ik 0-shprl nl
inidnc ____N_ -qite

....................................... ces-----
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Figure 13. Motion Sickness Incidence (MSI) as a
function of frequency and acceleration for pitch -7
* heave, roll + heave, and for heave, pitch, and Oj
roll alone. All heave motions were at a frequon-
cy of 0.25 Hit and an INS acceleration of 0.11g.
Data from McCauley, et al.(2

4
.

'then the motion of importance to a crew member lo- A I
ated at xy is: Figure 14. Vatriou indicators of tolerable ver-

h - z + xT + yB tical acceleration.

Expressed as a local heave acceleration: w -rads/aec TL 1.O R

h - x' *y w"RIT

Thanks to the work of O'Ilanlon and McCauloy( 2 1) The curve associated with this is shown in Figure

we can relate h (or t) to the probability of sick- 14 as "long-term severe." It's very add that YL
.ess (MSI) for unadapted adult males. A summary - 0.2: the same value as "long term severe" CRIT
of mere recent work is given by McCauley, et ai 24 ) h:for thQ higher frequencies. Does this mean, perhaps,o mor reetwrOsgvnb culya l2) ta .5g would be a reasonable "severe,
including equaLions which permit MSI to be computed t LCRhT a
when acceleration amplitudo, frequency and duration Ces t
are known. . . less than one hour" limit, and 0.lg the same for

"long-term, tolerable?" When plotted in Figure 14,

Of course, we cannot easily relate this data, ob- these limits don't look at all unreasonnble for ex-
tained with inexperienced subjects, to experienced perienced sailors, so we might as well lot them

sailors, or to the motor performance of experienced stand, lacking better data, until someone comesalong

or naive crew member..But it does give a lower with bettor figures. We then have the Intellectu-
bo--undary, ally pleasing (but physically meaulingless?) result
bondy th.- discomfort depends only on model acceleration

Another source of information is the "allowable" and is Independent of frequency, even below one
short-term acceleration curve defined inl MIL-P- Hertz. This has already been suggested by scveral94900 for an "acceptable" degradftion in the tra- workers, notably Jex, for the range above one Hertz.

eking performance of experienced aviators.Brmgi'(13) presentation of this is conparo Some physical feel for those ilmits, in the con-
gtext of advanced marine vehicles, is given by 1i-

with the HSI curves in Figure 14 and is ... on to
coincide with the 501 MSI (unadapted) data in the guro 15. Thi is an idealized calculation for a

vessel which Ls small in relation to the wave
frequency range 0.1-0.3 Hlrtz. This seems reason- length and is able to contour the surface by re-
able.,eghadi bet onortesraeb ec

ating negative acceleration loads as effectively as

The nllowable acceleration defined in ,Ill-F- positive ones. Surprisingly, we see that the

94900 is assumed to decrease as the duration in- higher swells, because of their longer length, are

creases, fi, a manner very simiiar to that of the more tolerable at a given speed than the smaller
lSO allowables. But brumaghim(

33) cites a number ones. The adverse effect on comfort of Increasing
1A aship speed beyond conventional values is clearly
of experimental investigations which seem to con- seen in Figure is.
traLlict this, in that no performance degradation
is found for test durations of up to six hours. Futrre Work

Based principally on Brumaghira's discussion, To improve OUr knowledge of the relationship be-therefore, we proposeve(. ettvl, the fol- T mrv u nweg fterltosi e

totween ship motion and crew efficiency, it would bvlowing model for "long-term, severe": quite simple and inexpensive to to to the son in

9
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-.. .. -P hysAnlo,'ical i-ritionSL�imit (Ixyr cnc d Navy Cre

tO IT. tWAWS, kW0 FT LENGTH (C) Long-tem, 5sVerO

SrFt WAVES, 5e0 rt UMGT (D) Long-term, tolerable

SOne wouid normall,, design to meet limits (B) and
SONE It' (D), accepting the more severe conditions (A) and

4 - (C) for only a small pericentage of the total opera-
__......___ tional profile, or if very ý-.tbstantial advantages

Ii (such as greatly reduced - it, perhaps) accrue from
""/ &D rtfM Or4 55 operation at the more st limit.

sLONG CRM The physiological e€ft-ý. of the vehicle's accel-
TcLERALE eration time history (Y) for a given Set of opera-

NX'- a ting conditions is asseised by exciting (or "dri-
60 - ing") four dynamic models witN, it, and observing

t the model output (Yn•.

oiI-

MODEL, i

I-.--*--- 0- Tme W

MUEUENCY IN MEAT?

Figure Ii. Idealized acceleration in regular sinu- [, 11) OUTPUT

soaidal head swells , compared with the proposed

low-frequency ;imits. The basic model equation is as follows:

various sized Navy ships and small craft and get 2.* 2Yln6 * nC
direct readings in the real environment. The re- n n a
quirements would seen; to be as follows:

1. A portable six-degree-of-freedom motion re- -n - Vic

corder. The existing PODAS would do, al-
though real time processing of the data where 6 is the deflection of the spring of a simple
(average roll, pitch and heave amplitudes sprung mass model, wn (rad/see) is the natural fre-

irn the last five minutes, .or example) would quency of the model, and r is the damping ratio.
be highly desirable as wel'.

Model "
2. A convenient presentatlon of the space Number tr (rads/sec) Name

ordinates x, y, and z for all manned loca-
tions in the ship. 1 0.224 52.9 Spinal

3. Standard questionnaires to be filled out 2 0.40 2•.1 Visceral

by the crew when requested over the ship's 3 1.0 52.9 Body Vibration
address system. 4 1.0 1.571 Low Frequency

4. Two or three simple physiological tests; two The VIBRATION RIDE QUALITY INDEX (VRQI) is de-
or three simple manual dexterity tests; a fined as
portable tracking task, and one or more ..
physiologists to select atnd administer all VRQI n (S)
of these. 2

S. An engineer to pull together all this data where Y,1 (RHS) is the maximum value obtained from
and analyze it on a real time bosis 'rather olie of Ithe four model outputs.
thrn after each ioyage is over) so that
questionable results can be immediately The proposed limits on VRQI are as follows:
identified and re-analyzcd as necessary.

Limit Description VRQI must be less than:
Conclusions

A Severe, less
We have proposed a method of defining physiolo- than one hour O.S

gical "ride quality" limits. In decreasing order B Tolerable, loss
of severity, these limits are: than one hour 0.2

Phys.ilogical Description C Long-term, severe 0.2

Limit CE xporILc eS Nlivj Cre D Long-term,

(A) Severe, less than one hour tolerable 0.1

(B) Tolerable, less than one hour

10



The IMP~ACT RID)E QUALITY INDE:X (lhQI) is obtained - -

from the "D141 output of Mudui Number 1, the "spi-
nal maodel." NrTLR.

1 10 MAX

is computed for each maximum value; i.e.

each 6when, 0. 0

We now order the DRI Values as in the following a
example: Correspon- I . --L

Number of DRI Ex- Number of bar of Ex-
Occur- ceedance Excee- ceedainccs

DRI rences/hr. Point dances/hr. in 24 hrs. o L

0 -0.5 109 0 149 3576 as
0.5-1.0 9 0.5 40 960

1.0-1.3 10 1.0 31 744 O

1.5-2.0 7 1.5 21 504 e
2.0-2.S 7 2.0 14 336 04 '___

2.5-3.0 4 2.5 7 168

3.0-3.5 2 3.0 3 72

3,5-4.0 1 3.5 1 24 I % .
4.0-4.S 0 4.0 0 0 - -- - I
4.5-5.0 0 4.5 0 0 WASM OP Two MUeM IN 34

Figure 16. Impact Ride Quality Index Chart. (The
The eXCeedanCeS PeT twenty-four hours are ob- two examples of exceedance plots are hypothetical,)

tained by ratioinR up from the duration for which
readings were actually obtained; in this example, 100 - -~

one hour. The exceadmnce pnints aye then plotted
as shown ("ExamploA15 in Figure 16. The IRQI is
defined as the largest value which occurs. In
Example A, IRQI is1.0, so that the ride is just at4the limit of tolerability. In Example B, the maxi-
mum value is about IRQI w 0.38, indicating a rola-
tively smooth ride.

A ComaparTAii~Yinfixp 1. en

It is hoped that, in the future, crew performance i

will be measured at sea, related to ship motions,I
and then compared with the proposed model.,. At CE XPERIUINT, NEFE 17
the time of writing this puper, we have only had -

the opportunity to compare the model with one sot
of laboratory data, as shown in Figure I-1.

Appendix IT. - a).
Resp on of a LT F ___ýdscodore

Sy tom 6SinusoidalVibration

It is the purr'ose of this Appendix to define the
various responses of a linear damped dynamic model
to sinusoidal vibration.

Figure 1-1. "One minuite' tolerance to

s inusol al vibration [ZiogeiltueckerAmagid ) compared with the prolposed
ncrit l 1 te

rMtOuIN'. IN HMWZ
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V sin Ot - V0 slni• I )1

M. in- (sinv cos e +cos sin 0) (11-6)
SPIG n qutn th i 'adcs*cefcet ea

UNOEFLECTED Substituting equations (11-S) and 11-6) in (11-4).SPRINGand equating tho sin ý and Cos c€oefficients $CAs-
LENGTH k 2K rately

"I_-I 26 •26 -
a .. .2 o Vo cose

2c(16-7aLet 
2 cilM m o sinYo aI

k - spring stifffness, lb/ft of comression This defines ,he phase angle, i.e.

29 a vOscous damping constant 2cA 2U(OM)
* damper force/velocity (1b sec/ft) tan 5 1-(/) l-1:•

spring (compressive) deflection )where r - c/W, the critical dampinglratio. Squaring

- (y - yd) and adding equation (11-7) gives
A w unloaded spring length (ft) 62(c) ,, 21 0

Sa mass (slugs) Or

Fs force in the spring (lb) (-kd)r6,

DP force in the damper (lb) (-2KA) 2

The equation of motion for mass m is alternatively

my * 2dA + dt kd 22
F nld +- Fs 2 .]2.

but

+ peak spring force F

mass x peak Input acceleratio'n

The total force ism + 2K8 k6 w :' I-) F.•Is+F)•m2•*.• ;-1

Dividing throughout by m, and writing T. D

Substituting equation (11-5) for d and

FT .2dW2 Xk 2- • 20M Cos 0 + sin

iil •, ~~2c.% 2 .(-• %e

For the special case when the model is subjected " - 8 2 (Al-12)St o a 3 1o t toid " .m o t i o n-2 4

0 Y 0 the Input acceleration amplitude. from equation p1-9).o
Wh know that the nontranslient solution will be:6 6sin(C~t - 0) Tmax -,/ 1+ [2UCn/W•l]

am;- si sy V 2e-(f/w) 12 + I I (oi/w '2 J I -4

(I-1peak total force (0 D + Fs5)
na M = m Cos ,ma x

-n~d in 0mass X peak Input a•ccelerat'ion

YuA )max
where d Is the m otion amplitude and the ph as e an gI e re at v ampl tud

e has not been dotermined, we also note that Yo of y to Yc

12



(This last relatioiiship follow: from the fact that Constant HaxiMUM Total Force (Or Constan~t
mY = T. aximum Acccli'ruIt i o)

The power dissipated by the damper is [ 2•( 0/d)] 2 + [l-/ 21 2

K) 6m Tmax * (2r(]/w)-

Averaging this over one cycle

- 222 2 -(-"

[(20el)2 + (w2 2 2) This expression is plotted in Figure Hl-1 for a
range of values of !.

or Constant Power Absorbed

P•o (n w) (I1-17)

1 2.(A/.)2 J1 [ 1- (WOu) 1 2 22(flu) 1 (11-20)

Sumary oC Equations
This expression is plotted in Figure 11-2 and.

Equations (11-10), (11-14) and (1I-1?) tell us for comparison examples of each of these three
all' that is known about the model's behavior. Each equations are plotted in Figure 11-3 against n/u
of the parameters (maximum spring force or deflec- for a value of r - .224 which is representative
tion, maximum total force or acceleration, or power of the human torso. Their limits are shown in the
absorbed) can be expressed as a constant [which is table bolow.
a function of U and (f/u)j mulcipliod by the ampli-
tude of the input acceleration Y . These constants Constant Constant
are cited below and are illustrated in Figures I1-1-3. Maximum Maximum
They are of interest becauste ride conditions are Spring Total Constant
often expressed in terms of "tolerable" values of Force Force Power
V0 or the R.M.S. value of 2. P .m...,Parameter Y0]W 8 mQF Y, /Vo]WPM•

Weal Value at
O/N 00 1 1

5 2(01/) for ___

minimumvalue (1-402

S~Minimum
Value of the
Parameter 2

Parameter
value atW 7' .... n/W - 1 2- 2,rc

; ka n/n +
Paramteter "•• (A/U) o Am)

Tt's of interest to note that the asymptotic'
.power equation (as O/N -)

Figure 11-1. Acceleration for constant total force Yo 1(2 w2/-
(or mass acceleration) as given by equation 2 o2 'orYt2

i.i) (W .1 a ,-,,-r . y (1-)

Cp~ktan Maxmum§jprng orce(DTT Moel)Thus, power absorption for R given acceleration
amplitude is loss at the htghor frequencies.

max
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